The pore-and micro-structural features of a novel binding material based on the carbonation of waste metallic iron powder is reported in this paper. The binder contains metallic iron powder as the major ingredient, followed by additives containing silica and alumina to facilitate favorable reaction product formation. Compressive strengths sufficient for a majority of concrete applications are attained. The material pore structure is investigated primarily through mercury intrusion porosimetry whereas electron microscopy is used for microstructural characterization. Reduction in the overall porosity and the average pore size with an increase in carbonation duration from 1 day to 4 days are noticed. The pore structure features are used in predictive models for gas and moisture transport (water vapor diffusivity and moisture permeability) through the porous medium which dictates its long-term durability when used in structural applications. Comparisons of the pore structure with those of a Portland cement paste are also provided. The morphology of the reaction products in the iron-based binder, its elemental composition and the distribution of constituent elements in the microstructure are also reported.
INTRODUCTION
Anthropogenic emission of CO2 is accepted as being responsible for changes in global climate and it has potentially irreversible damaging impacts on ecosystems and societies. Numerous studies have been published in the past on sequestering CO2 [1] [2] [3] [4] [5] [6] [7] along with different direct and indirect methods of reducing the overall CO2 emissions. Among the CO2 sequestration methods, mineral route of carbonation, especially of alkaline earth oxide bearing rocks, has proven to be an effective means [4, [8] [9] [10] [11] [12] [13] . The high compressive and tensile strength of secondary carbonate rocks [14] [15] [16] , formed as a result of mineral trapping, suggests the possibility of using mineral carbonation to form a sustainable binder for construction.
In the quest to carbonate other metal or alkali metal species which are abundantly available as waste/by-product materials, the authors carried out a detailed study [17] on the potential of waste metallic iron powder to be carbonated into a useful structural binder material akin to Portland cement paste. It was found that the mechanical properties comparable to conventional cementitious systems can be obtained through proper proportioning and curing methods. Significant amounts of waste iron powder as baghouse dust is produced during the Electric Arc Furnace (EAF) manufacturing process of steel and from the shot blasting operations of structural steel sections. This material is generally landfilled because the recycling process is difficult and not cost-effective. It has been reported that CO2-corrosion of steel pipelines used to carry oil and gas results in carbonate scales that adhere strongly to the parent material [18] [19] [20] [21] . The iron-based binder developed here, which can be used in lieu of ordinary Portland cement (OPC) for concrete construction, provides synergistic benefits through the incorporation of CO2 emitted from an industrial operation as well as the reduction of OPC (the production of which contributes greatly to CO2 emissions).
In the authors' recent work on iron powder carbonation [17] , the effect of source materials (including minor ingredients) on the compressive strength and extent of reaction product formation were investigated in detail. The study reported in this paper investigates the pore structure and microstructure of the iron-based binder. The pore structure of the iron-based binder is characterized in detail using mercury intrusion porosimetry (MIP). The pore structure features extracted using MIP are used in established theoretical models to predict the gas diffusivity and moisture permeability of these novel binders. Electron microscopy coupled with energy-dispersive X-ray spectroscopy (EDS) is used to evaluate the morphology of the reaction products and the chemical constituents of the microstructure.
Thus this paper sheds light on the pore-and micro-structure of iron-based binder systems and provides valuable information that is critical towards positioning this material as a potential alternative to OPC systems, especially in regions where the requisite source materials and CO2-emitting processes are present.
EXPERIMENTAL PROGRAM

Starting Materials: Composition and Particle Sizes
Metallic iron powder with a median particle size of 19.03 µm is used as the main starting material in this study. This material is the waste generated from structural steel fabrication, which is otherwise landfilled at great cost. The iron powder consists of 88% Fe and 10% Oxygen (due to some amount of atmospheric oxidation) along with trace quantities of Cu, Mn, and Ca. The iron powder is elongated and angular in shape as can be seen from Figure 1 , thereby influencing the rheological properties of the mixture. However, the larger surface area-to-volume ratio of this shape provides benefits related to reactivity. In addition to the iron powder, the minor ingredients used in binder synthesis include Class F fly ash and metakaolin conforming to ASTM C 618, and limestone powder (median particle size of 0.7 µm) conforming to ASTM C 568. Fly ash was used to provide a silica source for the reactions (to potentially facilitate iron silicate complexation [22, 23] ), while the fine limestone powder provides nucleation sites and metakaolin provides cohesiveness to the paste mixtures [17] . In the process of iron carbonation, water is only a mediator in the reactions which serves as an agent of mass-transfer and does not as such chemically participate in the reactions. Minimization of water demand, yet keeping the consistency and cohesiveness of the mixture, was achieved through the use of metakaolin. An organic reducing agent/chelating agent for metal cations, which is a weak acid (oxalic acid in this case), was also used to enhance iron dissolution and to prevent oxidation. Commercially available Type I/II ordinary Portland cement (OPC) conforming to ASTM C 150 was used to prepare conventional cement pastes to ensure comparisons of the pore structure of the novel iron-based binder systems with those of the traditional OPC-based systems. The chemical compositions of OPC, fly ash and metakaolin are tabulated in Table 1 . The particle size distributions of the iron powder, fly ash, metakaolin, limestone powder and OPC are shown in Figure 2 . All the ingredients are finer than the iron powder used. Please note that the quantified data presented in this paper could vary based on iron powder fineness. However, the general mechanisms and trends are expected to remain the same. 
Mixing Procedure and Determination of Optimal Mixture Proportions
The mixing procedure involves initial dry mixing of all materials (iron powder, fly ash, limestone powder, metakaolin and the organic reducing agent). Water was then added and mixed in order to obtain a uniform cohesive mixture. The mass-based water-to-solids ratio (w/s) was varied between 0.22 and 0.25 depending upon the proportions of the constituents of the mixtures to attain a cohesive mix. Since the carbonation process of iron does not incorporate water in the reaction products and it is merely an agent of mass-transfer, the w/s used is primarily based on the criteria of obtaining desired workability, and ability to strip the molds without specimen breakage. Cylindrical samples of 32.5 mm diameter and 65 mm length were prepared using a Harvard miniature compaction apparatus (ASTM D 4609 -Annex A1). The specimens were demolded immediately after compaction using the specimen ejector. Next, they were placed inside clear plastic bags filled with 100% CO2 at room temperature inside a fume hood for 1 to 4 days. The bags were refilled with CO2 every 12 hours or so to maintain saturation inside the chamber. After the respective durations of CO2 exposure, the samples were placed in air at room temperature to allow the moisture to evaporate for 1 to 30 days. The water-to-cementitious materials ratio (w/cm) adopted for the OPC-based mixture used for the pore structure studies was 0.40, which is common for moderate-strength concretes in many infrastructural applications.
A total of eight different mixtures with varying iron powder, fly ash, limestone, and metakaolin contents were proportioned after trials with many other mixture combinations. The iron powder content ranged from 58 to 69% by mass whereas fly ash, limestone and metakaolin contents varied in the range of 15-20, 8-10 and 6-10% by mass respectively. The proportions of the eight mixtures are shown in Table 2 .
The performance of these mixtures has been reported in detail in [17] . These proportions were chosen such that they were able to be compacted into molds to create a homogeneous mixture and able to be demolded without breakage. In all cases, the organic reducing agent was added in powder form at 2% of the total mass of the constituents. In order to obtain the mixture with the best mechanical performance, the specimens were kept in the CO2 atmosphere immediately after removal from the molds (typically 5 minutes after casting) for 3 days, and then cured in air for 2 days before they were tested in uniaxial compression. The best performing mixture contained 60% iron powder, 20% fly ash, 8% limestone, and 10% metakaolin (Mixture number 2 in Table 2 ).
Subsequent studies showed that four days curing in a CO2 environment followed by 3 days of airexposure resulted in the highest compressive strength [17] .
Pore Structure Determination using MIP
Mercury intrusion porosimetry (MIP) which is a well-established technique to investigate the pore structure of porous materials, was adopted here to study the pore structure of iron carbonate systems.
The samples for MIP were taken from the same core of the cylindrical sample prepared for compressive strength testing. Thermal analysis results had shown that the selected CO2 exposure duration resulted in similar carbonation levels in the core of the 32.5 mm diameter sample as that of the surface [17] . MIP was performed in two steps: (i) evacuation of gases, filling the sample holder with mercury and increasing the pressure to 345 kPa, and (ii) intrusion of the mercury into the sample at high pressures (up to 414 MPa). The contact angle and surface tension used for the analysis were 130° and 0.485 N/m respectively. Accurate determination of the contact angle was not carried out in this study, which could have introduced errors in the pore size determination. However, since the emphasis is on comparative evaluation of pore sizes, this inaccuracy is not deemed to be critical. The pore diameters can be evaluated using Washburn equation, based on the assumption that the pores in the porous media are cylindrical in shape [24] [25] [26] . A minimum pore diameter of 0.003 µm can be evaluated using MIP. Total volume of mercury intruded (which is the total porosity) and critical pore diameter (which is the peak in the differential volume intruded curve) can be obtained from MIP. The average pore diameter (da) is calculated from the total pore volume and the pore surface areas as: [24] 
where V is the volume of mercury intruded per gram of sample (cc/g) and A is the total pore area (m 
Microstructural Evaluation
Morphological and compositional analyses of the iron-based binder systems were carried out using a Philips XL30 Field Emission Environmental scanning electron microscope (FESEM) coupled with energy dispersive X-ray spectroscope (EDS). The pastes were crushed and small pieces from the core were mounted to the stub with epoxy resin for FESEM. While secondary electron (SE) imaging techniques are useful to examine the morphology of the fractured surfaces, the roughness of these surfaces can introduce errors when attempting to quantify the microstructure. Therefore, a suitable combination of grinding and polishing is required to achieve a level of flatness appropriate for microstructural and compositional analysis.
Prior to polishing, the sample was ultrasonically cleaned, rinsed with ethyl alcohol and dried to remove debris from sectioning/handling. The sample was then encapsulated using a 2-part epoxy and vacuum impregnated at 95 kPa followed by an overnight cure at room temperature. Coarse grinding steps were accomplished using silicon carbide (SiC) abrasive discs to planarize and remove deformations caused by sectioning. Successive polishing steps were carried out using smaller sized abrasives, and completed using 0.04 µm colloidal silica suspension. The polished sample was then imaged and evaluated using a JEOL JXA-8530F Hyperprobe. This electron probe microanalyzer (EPMA) features a field emission electron gun, five Wavelength Dispersive Spectrometers (WDS) and EDS.
RESULTS AND DISCUSSIONS
Compressive Strength of Iron Carbonate Binders
The eight different mixtures listed in Table 2 were proportioned to understand the effects of the various constituents on the compressive strength of iron carbonate binders. The primary goal was to determine the optimal mixture which resulted in the highest compressive strength after a specific curing regime was implemented. The samples were kept in a 100% CO2 environment for 3 days and then exposed to air for 2 days at 23±2 o C and a RH of 30%. The resulting compressive strength of these mixtures is reported in Figure 3 . Mixtures 1 and 2 were found to be the two best performing mixtures. The reasons attributed to the improved performance of these mixtures are described in detail in [17] . Mixture 2 is used for the detailed pore-and micro-structural characterization studies reported in the following results. 
Pore-Structural Analysis of Iron-Based Binders
This section examines the pore structure of the iron carbonate binders. It is well known that the pore structural features exert a significant influence on the mechanical and transport properties [28, 29] , of any porous material. The influences of source material composition and treatment conditions (carbonation and air-exposure durations) on the resultant pore structure are discussed.
Effect of Starting Material Composition
Mixture 2 (From Table 2 ) was the best-performing mixture from a compressive strength standpoint, while Mixture 6 performed the worst as shown in Figure 3 . A comparison of the pore structure of these two mixtures as determined using MIP is shown in Figure 5 . There is a significant difference in the total volume of mercury intruded, with Mixture 2, showing a pore volume of about half as that of Mixture 6, implying a denser microstructure in the former mixture. The critical pore size, which is indicated by the peak location in the derivative of the pore size-volume intruded curve, remains generally invariant between the two mixtures. A companion study has confirmed through thermo-gravimetric analysis that the carbonation efficiency and the amounts of reaction products formed in Mixture 6 was much lower as compared to Mixture 2 and, that the carbonation efficiency and mechanical properties of iron carbonate binders are very sensitive to the overall starting material composition [17] . Comparison of pore structure of Mixtures 2 (60% iron powder, 20% fly ash, 8% limestone, 10% metakaolin) and 6 (65% iron powder, 15% fly ash, 8% limestone, 10% metakaolin) after 4 days of carbonation and 3 days of air-exposure.
Effect of Carbonation and Air-Exposure Duration
The volume of mercury intruded as a function of the pore sizes and the derivative of this relationship are shown in Figure 6 for various carbonation regimes applied to Mixture 2. For all the carbonation durations, an air-exposure duration of 3 days following carbonation was chosen as there is no appreciable increase in compressive strength beyond this air-exposure duration as shown in Figure 4 (b).
The total volume of mercury intruded reduces significantly with an increase in carbonation duration due to the increased formation of reaction products [17] . The consequent increase in specimen density results in improved mechanical properties. The derivative plots show no significant differences in the peak locations as a function of the carbonation duration. However, the reduction in porosity with increasing carbonation duration can be expected to reduce the number of pores of the critical size (the size corresponding to the major peak in the derivative curve). Therefore, while the critical pore sizes remain rather unchanged, the average pore size is reduced considerably with an increase in the carbonation duration. The reduction in the total pore volume is known to primarily influence the mechanical properties, whereas, the reduction in pore size is more influential in transport properties. [17] and mechanical property results suggest. Also, the trends in the pore sizes depicted in Figure 7 follow the trends in compressive strength, thereby lending credibility to the use of this method. Figure   4 (a) and the thermogravimetric analysis results described in [17] . With an increase in the carbonation duration, the pore structure becomes more tortuous due to increased amounts of reaction product formation. The porosity and tortuosity values presented here are used to calculate the theoretical transport parameters of iron carbonate systems which are presented later in this paper.
Comparison of the Pore Structures of Iron Carbonate and OPC-based Systems
In this section, a comparison of the overall pore volumes and the critical pore size of iron carbonate and OPC binder systems is described. Figure 8(a) shows that the porosity of the hardened OPC paste (cured in moisture for 28 days) is higher as compared to the iron-based binder (carbonated for 4 days, followed by air-exposure for 3 days). However, one should be aware of the fact that the porosity of OPC systems can be controlled through several means such as reduction in water-to-cementing materials ratio (w/cm) facilitated by the use of chemical admixtures, incorporation of other reactive ingredients and improved curing practices. The pore structure of OPC pastes provided here is only used as a point of comparison and not intended to derive quantitative conclusions regarding the pore structure of OPC systems, which can be found in several other publications [34] [35] [36] [37] . Also, for the iron-based binder systems, the composition and curing conditions used are designed to provide the optimal microstructure and strength. From the derivative plots shown in Figure 8 (a), it is clear that the ironbased binder has a larger critical pore diameter than the OPC system which will impact the transport of moisture, ions, and gases through the pore structure. The increased pore size is likely a result of the H2 gas which is a by-product of iron carbonation. The pore volume of the OPC paste corresponding to a pore diameter range of 0.0036-0.05 µm (smallest pores) is higher than that for the iron-based binder as shown in Figure 8 (b). Since the pores of this range are generally observed as part of the reaction product, this implies a larger amount of reaction products in the OPC paste, which is unsurprising. The volume of pores corresponding to the size range of 0.05-0.2 µm is higher for the iron-based binder, whereas the amount of larger pores remains relatively the same in both these systems. The larger amount of pores in the transport-controlling pore size range (> 0.05 µm) in the iron carbonate binder indicates the need for studies on refining the pore structure in these novel materials. Comparison between the pore structures of iron carbonate and OPC paste systems: (a) porosity and the derivative volume intruded as functions of the pore diameter, and (b) pore volume fraction for different pore size ranges. For the iron carbonate binder, the data corresponds to Mixture 2 after 4 days of carbonation and 3 days of air-exposure while the OPC pastes were cured for 28 days in a moist environment.
Extracting the Transport Characteristics of Iron-Based Binders from Pore Structure Information
The pore structure features of the iron-based binder systems described in the previous sections are used
here to obtain relative indicators of the transport performance of iron-based binders. Transport of moisture and ions (e.g., Cl -) through mechanisms such as permeability and diffusivity are important in dictating the durability of binders which have the potential to be used in infrastructural construction.
The major transport descriptors extracted from the measured pore structure features in this study are water vapor diffusivity and moisture permeability.
Gas diffusion and moisture permeability
Diffusion of a gaseous phase into a porous media under steady state conditions can be expressed using 
Here, Fg is the diffusion flux, De is the effective diffusion coefficient of gas in the porous media, c is the concentration and x is the distance. The normalized diffusivity (D') is the ratio of De to the gas diffusion coefficient Da in air. The relationship between the diffusivity and porosity is often expressed using Archie's law [38] as shown in Equation 5 . The exponent m is called the cementation factor determined experimentally by fitting the data for diffusivity and porosity. Different m values ranging from 1.65 to 4.89 are reported in the literature for porous media including rocks of varying morphology and pore structure [39] .
Diffusion of gases in a porous media can be considered to take place primarily through one of the three mechanisms: (i) through the interconnected pore volume, (ii) through the pore surface, or (iii) through the solid matrix material [40] . In many porous media, diffusion through the pore volume is likely to be the dominant path unless the porosity and permeability are extremely low. There are two limiting cases of such a diffusion process: Knudsen diffusion and normal diffusion. In Knudsen diffusion, collision of gas molecules with the solid pore wall is the dominant mechanism whereas in normal diffusion the collision between gas molecules is limiting and the gas-wall collision is negligible [40] . Mean free transport paths determine the type of dominant diffusion mechanism. For Knudsen diffusion to be the limiting case, the mean free path needs to be greater than the average pore diameter in the media, and for normal diffusion to become dominant, the mean free path has to be smaller than the average pore diameter [40] . The diffusion coefficient of water vapor in air, Da, is 25 x 10 -6 m 2 /s [41, 42] . The mean free path of water vapor () at standard temperature and pressure (25° C, 1 bar) is calculated as 0.12 µm using the following equation [43, 44] :
Here, R is the universal gas constant, T is the temperature in K, NA is the Avogadro constant, d is the diameter of water vapor molecule (0.275 nm) and p is the pressure. The pore structure details of iron carbonate binders from MIP from Figure 7 (b) suggests that the average pore diameter for the matrices investigated here are smaller than the mean free path of water vapor. Hence, the Knudsen diffusion can be considered to be the dominant mechanism. The gas diffusion coefficient (D) can be obtained from the Knudsen diffusion coefficient (DKA) and diffusion coefficient in air as [40] :
The Knudsen diffusion coefficient (m 2 /s) can be expresses as follows [45] :
where T is the absolute temperature (K); M is the molecular weight of water (g/mole) and da is the average pore diameter (µm). The effective diffusion coefficient (De) can then be calculated as [27, 40, 46] :
where  is the total volumetric porosity and  is the tortuosity of the pore structure.
The intrinsic permeability is a measure of relative ease with which a fluid can be transported through a porous media under a potential gradient. Many studies derive permeability of a porous material from MIP data [47] [48] [49] [50] . Among them, the Katz-Thompson model is widely used and is employed here to evaluate the intrinsic permeability of iron-based binder. For a medium with a characteristic length scale Lc, intrinsic permeability (k) can be expressed as, to predict the permeability, which is given as [50] :
Here, LC is characteristic length or the pore diameter corresponding to threshold pressure (the pressure corresponding to point of inflection in the rapidly rising range of the cumulative mercury intrusion curve) [50, 53] , Lmax is the pore diameter at which the hydraulic conductance is maximum;  is the porosity and max () SL is the fraction of volume of connected pore space composed of pores of size Lmax or larger.
The normalized water vapor diffusivity and moisture permeability as a function of carbonation duration is shown in Figure 9(a) . With a reduction in porosity and pore sizes and a consequent increase in tortuosity as a result of increased carbonation, both the normalized diffusivity and permeability decrease as expected. The reduction in diffusivity and permeability follows the same trend as the reduction of porosity with increase in carbonation duration for the binder as shown in Figure 7 . [39] . It has also been reported that a smaller m value correlates to larger pores indicating higher diffusivity due to the lower tortuosity and increased pore connectivity. The relationship between porosity and moisture permeability is shown in Figure 9 (c). As expected, permeability increases as the porosity increases-note the conventional power-law permeability-porosity relationship that is seen to be valid for the iron-based binder. It should be noted that the value of permeability of the iron-based binder after 4 days of carbonation (k = 2. ) [36] . This is primarily due to larger pore sizes in iron carbonate binders even though the total pore volumes in the iron-based binder system are lower. However, it should also be considered that the transport characteristics of concretes (containing aggregates in large volume fractions along with the binder) are more important in application scenarios. The lower volume of the paste (or the binding fraction) in concretes result in the paste properties being less dominant as compared to those where pure paste is used. 
Microstructural Evaluation
The reaction products formed from iron carbonation and the influence of source materials have been described in detail [17] . In this paper, the morphological and compositional features of these binders are outlined. Compositional analysis using both secondary electron (SE) imaging and backscattered electron (BE) imaging is described here. There are several publications that report microstructural quantification of cementitious systems using SEM/EDS [REFS] . But, it should be noted that the main objective here is to identify the elements present in the reaction product since SEM/EDS is not suitable for accurate quantification [REFS] especially on rough surfaces. Hence, in this study the microstructural analysis is restricted to identification and distribution of different phases in the binder system. SEM/EDS is also done on polished surfaces for a better identification of phases as described later in this section. Figures 11(b) show the EDS spectra of the reaction product formed on the surface of the iron particle shown in Figure 11 (a). The results indicate that the final reaction product contains iron, calcium, aluminum, and silicon representing an ironoxalate-carbonate complex incorporating silica. This confirms what has been shown in [17] . EDS spectra is also reported for the non-carbonated sample and is shown in Figure 11 formed around the iron particle. EDS confirms the presence of iron as the major component, followed by silica, aluminum, carbon, and calcium. Elemental maps were acquired using the EPMA to better understand the spatial distribution of the reaction products. Maps were acquired of iron, silicon, aluminum, calcium, and carbon. The results are shown in Figure 13 . The brighter the color, the higher the concentration of the element shown for each map. Iron is observed at locations away from the particles also, aided by the organic dissolution agent.
The distribution of carbon is fairly uniform, except in regions occupied by the unreacted iron particles and the fly ash particles where it shows a higher concentration. This would indicate the reaction products which are formed away from the iron particles are also complex iron carbonates, although the Al. The distribution of Calcium is also shown to be mostly uniform. This is likely due to the small size (0.7 µm) of the calcium carbonate (limestone) particles used in the matrix. The utilization of limestone in reaction product formation has also been confirmed through thermo-gravimetric analysis in an earlier study [17] . 
Determination of porosity from BSE images through image analysis
Image analysis is carried out on BSE micrographs to obtain area fraction of porosity. The images with significant edge effects are discarded and 5 images are thus obtained at different resolutions. The chosen images are processed and analyzed using ImageJ©, a freely available image analysis software.
The grey-scale images are converted to binary image by thresholding to separate the solid and the pore.
The threshold limits are chosen based on grey level histogram. Figure 14 Table 2 reports the area fraction of pores obtained from image analysis at different resolutions. The area fraction of porosity, calculated using image analysis, varies in the range of 5.7% -12.15% which is lower than the volumetric porosity obtained using MIP. It needs to be noted that evaluation of porestructure from BSE micrographs through image analysis requires large number of statistically similar images to obtain reliable results. That's why complete pore-structure features of iron-based binder system are not obtained here through image analysis due to non-availability of good number of statistically similar images at different resolutions.
(a) (b) 
CONCLUSIONS
Fundamental characterization of pore-and micro-structure of a novel complex binder system based on the carbonation of metallic iron powder has been discussed in this paper. With metallic iron powder (sourced as a waste/by-product material) used as the major component, minor components such as fly ash, metakaolin, limestone and an organic acid were used in different proportions to impact the reaction product formation as well as rheological characteristics of this binder. The pore-and microstructural properties of the best-performing (based on compressive strength) binder system were reported in this paper.
Increasing the carbonation duration from 1 to 4 days significantly reduced the total pore volume in the iron carbonate binder as determined by MIP. This was in turn reflected in the compressive strength of the binders, while the critical pore size remained relatively unchanged. However, it was observed that the fraction of the larger pores and the average pore size significantly reduced with increasing carbonation duration. A comparison with the pore structure of 28-day cured OPC pastes showed that the overall pore volume was lower in iron carbonated binders, however, the critical pore sizes were larger. The pore structure features (porosity, average pore size, and tortuosity) were used to theoretically determine the water vapor diffusivity through a consideration of Knudsen diffusion, and moisture permeability using a modified version of the Katz-Thompson equation. The implementation of Archie's law to the normalized diffusivity-porosity relationship yielded a cementation factor of around 3
for the iron carbonate binders, which is close to those of many porous engineering materials. The porosities and moisture permeabilities of iron carbonate binders were found to be well correlated by a power-law expression.
Secondary and backscattered imaging revealed many of the important features of the microstructure of this novel binder material. The influence of carbonation on the reaction product formation on iron particle surfaces was established. A dense, heterogeneous microstructure was obtained after carbonation. The reaction product analysis using EDS showed the presence of iron, carbon, silicon, aluminum and calcium, indicating that the reaction product is a complex carbonate which was quantified in an earlier study using thermogravimetric analysis.
